Surgical teleoperation systems are being increasingly deployed. There are, however, remaining issues such as nonlinear characteristics of the interaction between the slave robot and soft tissues, and difficulty in employing force sensors in the surgical end-effectors of the slave. These issues make it difficult to offer a general approach to designing the overall control structure. This paper addresses these issues by proposing an optimized controller which guarantees robust stability and performance. The environment, i.e., soft tissues, is characterized with the nonlinear Hunt-Crossley model. The overall teleoperation system is modeled as a linear parameter-varying system. A gain-scheduling control scheme is adapted to design a performance-optimized controller while guaranteeing robust stability. The developed gain-scheduling control scheme shows good tracking capacity and high transparency in varied experimental conditions. Error of the transmitted impedance is significantly lower compared to other conventional control schemes for frequency band less than 2 Hz which is frequently recommended for surgical teleoperation.
INTRODUCTION
Demand of the telesurgical systems are continually increasing in recent years for many advantages of the surgical robots such as small incision, less bleeding, minimal exposure of organs, short convalescence and so forth. Some of the telesurgical systems, e.g., Da Vinci ® surgical robot, have been commercially successful as well [1] . However, current commercial telesurgical systems do not provide high-fidelity haptic feedback to the operator. The haptic feedback in the teleoperation systems increases overall performance [2] . But the haptic feedback also affects stability of the system, and bilateral teleoperation systems have been extensively studied [3] . The telesurgical systems, however, are different from the previously studied general teleoperation systems. The environment of the telesurgical systems is generally soft tissues and behaves differently from hard objects in constrained motions. Previous researches on control of teleoperation systems focused on position tracking in the free motion, and force tracking in the constrained motion. They also paid special interests to transition between the two different phases. For the soft tissues, however, the previous premise of zero relative velocity in the constrained motion does not hold. Position tracking capacity is often more important than the force tracking especially in the surgical teleoperation. It is quite difficult to model the interaction between the slave robot and the soft tissues, which is actually nonlinear and time-varying in nature. Previous studies show that the nonlinear Hunt-Crossley model is better suited to describe the viscoelastic properties of the soft tissues than the linear models [4] [5] . In the results of Barbe et al., the Hunt-Crossley model is considered as one of their generalized time-varying Voigt models for modeling all the phases of needle-insertion into soft-tissues [4] . It is also often difficult to use force sensors in the surgical end-effectors of the slave [6] . These limitations should be addressed in the aspect of both stability and performance. A bilateral teleoperation system becomes unstable due to the presence of uncertainties such as nonlinearity, disturbance and time delay. Therefore, the nonlinearity of the soft tissue must be considered in the design of the control of the telesurgical systems. There have been some robust control methods which deal with the uncertainties of systems. H control [7] [8 -synthesis framework [9] [10] have been employed to deal with the disturbances and uncertainties of the teleoperation systems. The uncertain region of interest is, however, treated as an uncertainty block, and it is often infeasible to obtain a stationary controller satisfying both the stability and the performance objectives [11] . In addition, there are few specific guidelines and frameworks for the design of controllers for the teleoperation systems. This problem leads to, in many cases, overly conservative controllers. It is, therefore, important to reduce this conservatism in the design of the control while maintaining the stability. This paper develops a less conservative control design for the teleoperation systems, which satisfies both robust stability and performance objectives. This paper employs the gain-scheduling control framework to achieve an optimized compromise between the robustness and the performance. The developed method is applied to maximizing the transparency of the two-channel position-position (PP) control architecture which is generally accepted as feasible to be used in the bilateral surgical teleoperation without employing force sensor in the end-effectors.
MODELING OF SOFT TISSUES
The Hunt-Crossley model is used in this paper to capture the interaction between the slave robot and the environment. Soft tissues are known to exhibit nonlinear time-varying viscoelastic characteristics. It is shown that more accurate behavior can be captured if the damping coefficient is made dependent on the relative incision into the soft tissue [12] . This simple nonlinear model is regarded to describe best the soft tissue properties through self-validation and cross-validation studies [13] . In addtion, unlike the complex nonlinear models, the Hunt-Crossley model has clear physical meaning in its impedance parameters. The Hunt-Crossley model is shown in Fig. 1 and the relation between the force F and the displacement x is mathematically expressed by a power law of the displacement as shown in differential form in (3).
where k and are the coefficients of the time-varying nonlinear stiffness and damping, respectively. It is generally assumed that q = n where n is a real number, usually close to unity, that takes into account the geometry of contact surfaces. The nonlinear Hunt-Crossley model can be reformulated in a quasi-linear parameter-varying way [14] , but the reformulation is not unique. The position information of the master and the slave are generally available at every sampling step. Therefore, in our control scheme, the Hunt-Crossley model is rewritten as (4). The damping B env and the stiffness K env of the environment are defined as n (t) and kx n-1 (t), respectively.
GAIN-SCHEDULING CONTROL
This paper employs the gain-scheduling control framework using linear fractional transformation [15] to design a robust controller. The gain-scheduling controller with linear fractional transformation has the same parameter-dependence as that of the teleoperation system [15] . That is,
where u and y are control inputs and measurements respectively. In general, there is a weighting function W q which represents the specification of the desired performance.
The gain-scheduling controller is designed based on Bounded Real lemma [16] . The designed controller guarantees that the closed-loop system is internally stable and the H norm of closed-loop system is strictly less than [16] . This means that the maximum gain from w to q is less than . The designed gain-scheduling controller can, therefore, be called as a -suboptimal controller [16] .
Formulation
We choose to model the time-varying parameters of the environment coefficients in the teleoperation system with as given in (6) . The time-varying coefficients of the human operator are not included in this formulation so as to reduce the order of the controller. The parameter vector is automatically computed with the Hunt-Crossley parameters and the position of slave.
According to the control scheme, the position and/or the force information of the master and slave are used as the inputs of the controller. In this formulation, we consider only PP (position-position) control since it is generally difficult to use force sensors at the surgical end-effectors. The two channel PP control architecture, as shown in Fig.  2 , is often used. The controller outputs affect the dynamics of the master and slave in this gain-scheduling control scheme as shown below, 
Transparency error is also considered, and is computed using the impedance transmitted to the operator, and the real environment impedance. 
It is not easy to select optimal values for the weighting factors of the tracking errors. If the weighting factors are not chosen properly, the control objectives are biased toward either force tracking errors or position tracking errors. The same weighting factor W f is used for e transparency and e force because the force tracking error and transparency error are represented with force. W p , the weighting factor for e position , must be also properly designed. The state-space representation of the teleoperation system is as given in (10) . The exogenous inputs to the system, w, are the active human force and the environment force estimation errors while the control inputs, u, are the actuator torques for the master and the slave. The measurement, y, for four-channel control architecture is represented as follows. 
The overall teleoperation system, without the controller, is represented with a state-space equation. The state vector X has four states as shown below in (12) .
Control Design
The state-space equations of the teleoperation system with time-varying parameters are, therefore, obtained as given below. The controlled output q is also formulated with X, w and u as in (14) . Weighting factors are then multiplied to the controlled outputs before designing the controller as given in (15 
The measured signals, y, are therefore, written in (16) as follows. 
The overall teleoperation system is rewritten as follows. 
The teleoperation system is expressed as a convex combination of polytopes since the system has affine parameter dependence. 
The gain-scheduling controller of the system is obtained if there are R and S satisfying LMIs given below. The controller is computed at each vertex of the parameter polytopes after R, S and are obtained by solving LMIs [15] . The gain-scheduling controller K( ) is also a convex combination of vertex controllers K i .
EXPERIMENTAL RESULT

Experimental Set up
Experiments are conducted using the two 1-DOF impedance type haptic devices as shown in Fig. 3 . Both devices use Maxon DC motors, MR encoders, and wire-driven mechanisms. 
Conventional PP Control Design
A conventional PP control is designed following the previous researches for comparison with the proposed method since it is widely known to have better performance in position tracking. The local position controllers of the master and slave, C m and C s , are manually tuned according to the recommendations given in [17] . The specific values of the local position controllers are C m = 37.99s + 814.09 and C s = 37.99s + 814.09. The bilateral controllers C 1 , C 2 , C 3 , and C 4 are selected based on the transparency optimized control law [17] . The local force controllers for the master and the slave, C 5 and C 6 are set to zero.
Interaction with Phantom Tissue 1
The human operator pushes the master device voluntarily with the finger tip while the force and position information are measured. The proposed gain-scheduling control scheme shows better position tracking capacity compared to the conventional PP controller as shown in Fig. 5 (a) and (b). The position tracking error is computed with L 2 norm and compared with the L 2 norm of slave position to check its significance. The gain-scheduling PP controller shows the best performance for both the absolute value as well as for percentile error as shown in Table 1 . Transparency is also compared using the transmitted impedance and environment impedance by frequency domain analysis. The H 2 norm is used to measure the transparency in the frequency domain. Tremor in a human hand normally occurs at 8~12Hz, and 2Hz bandwidth is often considered reasonable in the microsurgical applications since the surgeons carry out the surgery with very slow and careful movements [18] [19] . Hence, c is set to 2Hz and 8Hz. The H 2 norm of the transmitted impedance error in the 2 Hz bandwidth under the gain-scheduling PP control is 4.77 as shown in Table 2 .
The gain-scheduling PP control shows better transparency up to 2 Hz compared to the other control scheme. The gain-scheduling PP control provides the best transparency if c is increased up to 8Hz. The relative performance is, however, decreased in the high frequency range.
Interaction with Phantom Tissue 2
For the phantom tissue 2, the ETFE of transmitted impedance Z to and environment impedance Z env of the two control schemes are shown in Fig. 6 . The developed gain-scheduling PP control scheme shows better transparency than the conventional PP. Position tracking error of the gain-scheduling PP control is under 10% of x s as shown in Table 1 . The position tracking capacity of the conventional PP is seriously degraded as shown in Table 1 mainly due to the increased stiffness of the phantom tissue 2. This position tracking error of the conventional control scheme results in poor transparency as shown in Table 2 . The gain-scheduling PP control shows the better tracking performance and transparency.
CONCLUSION
Surgical teleoperation systems have many advantages and the demand is continually increasing. However, there are problems such as nonlinear characteristics of the interaction between the slave robot and the soft tissues, and difficulty in deploying force sensors at the surgical end-effector. This makes it difficult to have a comprehensive and systematic approach to design of the bilateral control of the surgical teleoperation.
To propose such an approach, the teleoperation system is modeled as a quasi-linear parameter varying (QLPV) system. A gain-scheduling control scheme is adapted to develop a performance-optimized control of the QLPV system. A PP control architecture is selected to avoid force sensors in the slave side. The developed gain-scheduling control scheme is validated with 1-DOF experimental results. The position tracking error and transparency error are measured in L 2 and H 2 norm. H 2 norm is computed for frequencies under 2Hz and 8Hz, since those are often recommended as frequency bands for surgical operation. The performance of the proposed control scheme is compared with a conventional PP control. Position tracking error of the developed control is under 20% of the conventional PP control. Transparency error of the developed gain-scheduling control is also under 20% and 66% of the conventional PP control for 2Hz and 8Hz bandwidth, respectively. The gain-scheduling PP control shows better performance than the conventional PP control while maintaining stability of the system.
